The dry component of total nitrogen and sulfur atmospheric deposition remains uncertain. The 43 lack of measurements of sufficient chemical speciation and temporal extent make it difficult to 44 develop accurate mass budgets and sufficient process level detail is not available to improve 45 current air-surface exchange models. Over the past decade, significant advances have been made 46 in the development of continuous air sampling measurement techniques, resulting with 47 instruments of sufficient sensitivity and temporal resolution to directly quantify air-surface 48 exchange of nitrogen and sulfur compounds. However, their applicability is generally restricted 49 to only one or a few of the compounds within the deposition budget. Here, the performance of 50 the Monitor for AeRosols and GAses in ambient air (MARGA 2S), an commercially available 51 on-line ion chromatography-based analyzer is characterized for the first time as applied for air-52 surface exchange measurements of HNO3, NH3, NH4 + , NO3 -, SO2 and SO4 2-. Analytical 53 accuracy and precision are assessed under field conditions. Chemical concentrations gradient 54
methods for air-surface exchange applications. These systems are configured such that the air 134 sample travels only a short distance (~ 0.1 m) before diffusion into solution within a wet rotating 135 denuder. Opportunity for loss to surfaces within the sampling system are therefore minimized. A 136 secondary benefit of the wet chemical techniques is that the use of ion-chromatography or flow 137 injection analysis allows for simultaneous measurement of multiple compounds, thereby 138 minimizing the bias introduced by constructing deposition budgets from multiple measurement 139 systems. For the NH3-HNO3-NH4NO3 system, simultaneous measurement of gas and aerosol 140 components is essential to assess potential errors in fluxes related to aerosol thermodynamic 141 instability (Wolff et al., 2010; Nemitz et al., 2004) . Furthermore, simultaneous measurement of 142 sulfur and nitrogen compounds allows for examination of co-deposition effects between SO2 and 143 NH3 related to surface acidity (Erisman and Wyers, 1993) as well as the degree of ammonium 144 sulfate aerosol neutralization. While wet chemical techniques meet the rigorous precision and 145 accuracy requirements of air-surface exchange applications, their temporal resolution is on the 146 order of 30 minutes to an hour. In contrast to the direct EC technique, in which air concentrations 147 are measured at 10 Hz or faster using a single concentration measurement, fluxes must be 148 quantified using the aerodynamic gradient method (AGM), which uses gradient concentrations at 149 a 30 to 60 minute temporal average. Furthermore using gradient concentration measurements The objective of this paper is to comprehensively evaluate and describe the performance 180 of the MARGA in the measurement for air-surface exchange measurements of HNO3, NH3, NH4 + , 181 NO3 -, SO2 and SO4 2-. This requires two sets of experiments, one set to describe the performance 182 of the MARGA as an analytical instrument and another to determine the performance of the 183 MARGA as a gradient flux system. The analytical performance of the instrument is assessed by 184 determining the accuracy, precision and analytical detection limit of the instrument using liquid 185 standards in field conditions. To assess the performance of the MARGA as a gradient flux system, 186 the precision of the concentration gradient which can also be defined as the gradient detection limit 187 is determined in field conditions. The concentration gradient precision (uncertainty) and overall consisting of a mixture of C3 and C4 grasses, herbs, and forbs (Fluxnet, 2014) . The field is 199 generally cut twice per year, once in summer and fall, and the clippings are removed for use as 200 animal feed at local farms.
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Description of MARGA gradient system 203
As previously mentioned, the MARGA is a commercially available on-line ion 204 chromatography-based analyzer that semi-continuously measures gases and soluble ions in 205 aerosols. The 2S version used in this study employs two sampling boxes interfaced to a single 206 analytical system. The two sampling boxes (SB1 and SB2) are positioned at two heights above 207 the surface to measure simultaneous concentration gradients from which the vertical chemical 208 fluxes are calculated. Air is sampled through a short length (30 cm, 0.5" O.D.) of PFA Teflon 209 tubing with a coarse Teflon screen over the inlet to exclude large material such as insects and 210 entrained vegetation.
211
Each sample box contains a wet rotating denuder (WRD) and steam jet aerosol collector 212 (SJAC). The sample air first flows (as laminar flow) into the WRD Keuken 213 et al., 1990) which rotates continuously so that the walls of the denuder are coated with 214 absorption solution (double de-ionized (DDI) water with 10 ppm hydrogen peroxide), ensuring 215 that the gases diffuse into the liquid film. The level of the bulk liquid within the WRD is kept 216 constant using a level sensor and pump connected to the absorbance solution. Particles pass 217 through the WRD and are collected directly downstream in the SJAC (Khlystov et al., 1995) .
218
Within the SJAC, a supersaturated environment is created in which particles grow by 219 deliquescence, allowing them to be collected by inertial separation. The supersaturated 220 environment is created using a temperature-controlled steamer continuously supplied with 221 absorbance solution. Air is drawn through the WRD and SJAC at 16.7 Lpm using a vacuum Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -4, 2016 Manuscript under review for journal Atmos. Meas. Tech. Published: 22 January 2016 c Author(s) 2016. CC-BY 3.0 License.
The syringe pump module consists of three sets of syringes: one set for the WRD, another for the 226 SJAC and a third for the internal standard. The syringe pumps operate in tandem such that while 227 a set of samples is being collected, the set collected during the previous hour is being analyzed.
228
Prior to analysis, each sample (volume = 25 ml) is mixed with an internal standard (LiBr) 229 solution, which uses two smaller syringes (volume = 2.5 ml). Further information on the internal Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -4, 2016 Manuscript under review for journal Atmos. Meas. Tech. 
Analytical Detection Limit 264
The detection limit of an analytical instrument is defined as the lowest concentration that 265 can be determined to be statistically different from a blank at a certain level of statistical 266 confidence. In this study, the MARGA detection limit is calculated using a method from Currie
where σo is the standard deviation of the distribution of concentration when the concentration is 270 just above the detection limit, v is the degrees of freedom, α is the level of statistical significance 271 Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -4, 2016 Manuscript under review for journal Atmos. Meas. Tech.
Published: 22 January 2016 c Author(s) 2016. CC-BY 3.0 License. and t is the Student's t-statistic. The analytical detection limits of the MARGA were calculated 272 using an observed liquid concentration after being adjusted for the internal standard.
273
The detection limit was determined by combining data from all analytical channels (in 274 this study, there are four different channels including denuder and SJAC samples from both 275 sample boxes) into a single data set. From this single data set, the standard deviation and number 276 of analyses are used to determine the detection limit. However, using this approach means that 277 the standard deviation may reflect a combination of random error plus systematic error between 278 channels. To investigate this possibility, the detection limit methodology was conducted in 279 conjunction with the Dunn's test (Dunn, 1964) When quantifying the detection limit using an external standard, the aim is to use a 284 concentration that is slightly above the detection limit as variance may increase with increasing 285 concentration. Therefore an appropriate external standard level was selected for each compound.
286
In addition, two different solutions used to determine SO4 2and Na + detection limits allow an 287 opportunity to investigate the relationship between concentration level and variance and thus its 288 potential impact on the detection limit. Thomas et al. (2009), which is an adaptation from Thom (1975) , the flux may be expressed as:
where u* is friction velocity, calculated from the momentum flux measured by EC and C* is the 299 concentration scale calculated as:
Here ψH is the integrated stability function for sensible heat (Thom, 1975) , z1 and z2 are the 302 measurement heights above ground between which the concentration gradient (∆C) is measured,
303
L is the Monin-Obukhov length calculated from the EC derived sensible heat flux, and k is the 
where F is the flux, ∆C is the concentration gradient and σ∆C is the precision (uncertainty) of the 334 concentration gradient, and vtr and ߪ ௩ , are the transfer velocity and precision (uncertainty) of 335 the transfer velocity, respectively. Equation (4) measurements. In addition, each observation may be assigned a data quality indicator as being 338 above or below the flux detection limit. vtr is taken as:
The transfer velocity and thus the uncertainty in the transfer velocity is a function of friction The uncertainty of the gradient concentration is also quantified during co-location tests. individual analytes, which also represents the precision of the concentration gradient (σ∆c), which 360 can also be defined as the gradient detection limit following Wolff et al. (2010) . The relationship 361 between precision and concentration is quantified by regressing σ∆c on the average concentration 362 (C) between the two boxes. Precision is expected to be a function of concentration. Therefore 363 concentration gradient precision was calculated at three different co-location events (June, July 364 and October 2012) during the sampling periods in order to have a wide range of concentrations. Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -4, 2016 Manuscript under review for journal Atmos. Meas. Tech.
Published: 22 January 2016 c Author(s) 2016. CC-BY 3.0 License. regression slopes for all compounds between 1.00 and 1.04, and offsets close to zero (< 0.006).
Results and Discussion

397
For Na + , the external standard response was not as accurate, producing slope values of 0.90 for 398 both SB1 and SB2 and offsets of 0.013 and 0.011 for SB1 and SB2, respectively. This appears to 399 be related to peak integration characteristics but is currently under investigation.
400
For the sulfur compounds (SO4 2and SO2) associated with anion IC detection, excellent 401 regression slopes were also observed (1.00), however, offsets (intercepts) can be observed using 402 linear regression, which are not reflected in the blank. These offsets range from 0.09-0.13 µg m -3 403 for SO2 and SO4 2-. Linear regression analysis of NO3and HNO3 produced good regression 404 slopes, ranging from 1.06-1.07 and similarly offsets that are not reflected in the blank, ranging 405 Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -4, 2016 Manuscript under review for journal Atmos. Meas. Tech. considerably smaller than for the other higher external standard concentrations (see Table in 411 Supporting Information).Therefore, a nonlinear (quadratic) standard curve was fitted which Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -4, 2016 Manuscript under review for journal Atmos. Meas. Tech. relationship between gradient precision and concentration were determined using regression and 513 are presented in the Supporting Information. In this study, median relative gradient detection 514 limit uncertainty (σ∆C/∆C) was 19.6% for NH3, 90.4% for NH4 + , 29.6% for HNO3, 29.2% for focusing on the air-surface exchange processes of individual compounds over a longer sampling 543 period is forthcoming.
544
Individually, percentages of hourly chemical concentration gradients larger than the 545 corresponding gradient detection limit were 86%, 42%, 82%, 72%, 74%, and 69% for NH3, 546 NH4 + , HNO3, NO3 -, SO2, and SO4 2-, respectively. As expected, percentages were lowest for 547 aerosol species, owing to their relatively low deposition velocities and correspondingly smaller 548 gradients relative to gas phase species. The majority of concentration gradients exceeded the 549 gradient detection limit. As the hourly flux detection limit is calculated by replacing ∆C with σ∆c 550 in Equation (3), the percentage of gradients larger than the gradient detection limit also 551 represents the percentage of fluxes greater than the flux detection limit.
552
Patterns of flux uncertainty are summarized in Figures 1 and 2. Overall uncertainty in the 553 transfer velocity (σvtr) was estimated as 0.0041 m s -1 (n = 660), which is applied as σvtr/νtr to 554 estimate the hourly fractional or percentage uncertainty in νtr. Figure 1 shows Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -4, 2016 Manuscript under review for journal Atmos. Meas. Tech.
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814
b Cave is average air concentration during co-location.
815
c σ∆C is the standard deviation of the orthogonal least squares residuals (i.e., gradient detection limit).
816
d σC is the standard deviation of the air concentration.
817
e Cmax is the the maximum air concentration 818 f Cmin is the minimum air concentration.
819
g σ∆C/C (%) is the gradient detection limit expressed as a percentage of the average air concentration.
820
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